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Chris Marnay, |IEEE Member, Steven Lanzisera, IEEE Member,
Michael Stadler, IEEE Member, and Judy Lai

Abstract—The structure of both electricity supply and demand
is evolving rapidly. Dispersed building-scale generation is becom-
ing an increasingly familiar generation source and electronics
based loads are ubiquitous. Given this landscape, the historic
advantages of AC electricity delivery, while still strong in the
high voltage realm of meshed grids and medium voltage distribu-
tion, is seeming less attractive for emerging small-scale semiau-
tonomous systems, generally known as microgrids (or pgrids). The
dominance of small-scale photovoltaics or variable frequency
sources in small systems, together with the likely emergence of
fuel cells and required batteries suggest a DC bus. Similarly,
building loads increasingly involve DC somewhere in their
electricity supply path. Given these circumstances, DC pgrids
potentially eliminate conversion losses with their associated heat
management problems and costs, as well as providing high quality
service to loads. This paper discusses these trends and other
factors that are pushing our power system towards a more
decentralized paradigm, and one more reliant on DC systems.

Index Terms—microgrids, direct current, consumer electron-
ics, variable speed drives, electric vehicles, photovoltaic cells, fuel
cells, power quality, converters, inverters.

|I. INTRODUCTION

NCREASINGLY, electricity used in buildings will be from

local, small-scale renewable sources, e.g. photovoltaic

modules (PV), from other direct current (DC) generation,
e.g. fuel cells (FCs), from combustion driven combined heat
and power (CHP) technologies, or will be drawn from either
stationary or plug-in electric vehicle (PEV) batteries.
At the same time, an increasing share of building loads are
either native DC, such as electronics and compact fluorescent
and light emitting diode (LED) lighting, or involve DC at
some point in their power delivery chain, e.g. variable fre-
quency drives. Additionally, the challenges of meeting the
demanding power quality and reliability (PQR) requirements
of many building end-uses using the universal PQR of utility-
delivered alternating current (AC) power, as well as mitigating
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AC-DC conversion losses, is reviving interest in local DC
networks. Modern power electronics permit predominantly DC
sources to offer efficient tailored PQR service to loads by
integrating them in controlled microgrids (ugrids).

Il. EVOLVING ELECTRICITY DELIVERY

It is often noted that early local power systems used DC
power, beginning with Edison’s Pearl Street Station in Man-
hattan; however, DC was less amenable to transmission over
long distances, which was the key advantage that allowed AC
to ultimately dominate [1]. Our legacy power system paradigm
dates from George Westinghouse’s ambitious and successful
1895 Niagara Falls Power Project. It implemented Tesla’s
concept for long-distance AC power delivery at 25 Hz and
high voltages enabling energy transmission 32 km to Buffalo,
even though the loads at that time were entirely DC. In those
early days, both AC and DC coexisted. Some complex systems
were even developed, such as the one at the Biltmore Estate, to
permit use of both for various household functions. At Bilt-
more, supply switched back and forth between AC and DC for
the incandescent lighting, depending on the availability of AC
from the local electric company, which gave priority to a local
rail system [2].

From this beginning, AC rapidly gained dominance and the

power supply infrastructure, as we know it today, has been
built out at a massive scale, entrenching the highly centralized
paradigm for power delivery. For example, the synchronized
Western Interconnect, of which California is a part, serves
over 70 million people, and the California Independent System
Operator (CAISO) alone controls almost 80% of the state’s
electricity network, and delivers over 200 TWh/a.
This structure may now be devolving towards one in which
numerous local heterogeneous control centers co-exist at lower
voltage extremities of the network, while the legacy backbone
high voltage meshed grid continues to function as today. Given
that locally controlled systems might exist on the periphery of
the system naturally leads to the proposition that many of these
systems might involve DC power, at least in part. Since many,
if not most, of these local systems will involve significant DC
production and consumption, they might involve DC distribu-
tion to ensure high PQR and avoid conversion losses.

I1l. CHANGING POLICY PRIORITIES

The centralized paradigm that high voltage, long distance
transmission drove is now coming under review because of
multiple changes that are taking place in the industry. It is
important to remember that electricity demand continues to
grow in developed economies, although current U.S. expecta-



tions are for somewhat slowing demand growth. Figure 1
shows how recent forecasts by the U.S. Energy Information
Agency have predicted slower demand growth in recent years.
Forecasts are now fairly close to the rate of population growth,
i.e. per capita consumption is almost constant, which is a
significant change in the history of this industry. Such fore-
casts are, however, quite uncertain because of the possible
electrification of transportation, as well by other possible
innovations, such as ground source heat pump space heating,
not to mention our seemingly insatiable appetite for electronic
gadgets.

Historic AEO Electricity Sales Forecasts and Growth Rates
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Fig. 1. U.S. Energy Information Administration forecasts of
U.S. electricity consumption

To some extent, current policy objectives are contradictory.
Expanding supply to meet expected growing demand is una-
voidable, while it is also a priority to increase renewable
generation penetration, and to develop and maintain competi-
tive wholesale electricity markets. While all of the above
objectives together with increasing difficulty siting new
generation and transmission tend to work against a highly
reliable high power quality power system, at the same time, we
seek to provide the same service quality we enjoy today, or
better. In fact, many have argued that the traditional power
system must deliver higher PQR, as may be required by a
digital society [3]. These contradictions have led some to
question the traditional paradigm. Following is a short list of
some of the key concerns that will challenge the traditional
paradigm in the coming era.

A. Climate Change

Concerns about climate change and other environmental
issues will result in increased penetrations of renewable
generation in the fuel mix; for example, California has set
targets for renewable generation (by its own State definition
which does not include large-scale hydro generation) of 20 %
by 2010, and 33 % by 2030 [4,5]. The three major electricity
suppliers reached approximately 18 % in 2010, missing the
2010 target, but it is within sight, and the 33 % in 2030 target
is still effective. Unfortunately, many of these new resources
do not fit well into the traditional paradigm. Renewable
generation is both variable and relatively unpredictable,
compared to traditional fossil resources, which implies that
control operators must have more costly reserves available [4].
Another problem with renewable generation is that much of it
is expected to come from relatively small installations, e.g.
residential PV systems. Controlling numerous, possibly mil-
lions, of small sources poses a significant new challenge, and
has led analysts to consider alternatives that could manage

these problematic smaller scale sources locally. The residual
system would continue to be managed centrally so it would
operate with similar numbers and sizes of resources as are
successfully controlled today. Locally aggregating these small
sources in pgrids and presenting them to the legacy higher
voltage grid, or macrogrid, as a controlled entity of a size and
with performance that better matches traditional power re-
sources can make them more compatible with our legacy
macrogrid. By enabling greater rapid penetration of these
desirable but problematic small resources into traditional
structures and operations their other well-known low-carbon
benefits can be captured more rapidly, and more completely.
Since the dispersed paradigm is one that can be realized as
either DC or AC pgrids, the local benefits of DC systems as
described elsewhere in this paper, can be achieved together
with the global benefits of decarbonized electricity.

B. Heat Loss from Central Generation

Unsustainability of heat losses by energy conversion from
fossil fuels to electricity is also a growing concern. While
some modern technologies can achieve excellent efficiencies
as measured by historic standards, the overall systemic effi-
ciency of generation at remote sites, long distance transmis-
sion, and local radial distribution delivers barely a third of the
initial fossil energy to ultimate devices. One partial solution to
this problem is smaller-scale generation closer to loads, which
increases the potential CHP, which can improve overall
efficiency significantly. In many climates, using the waste heat
to cool buildings can be attractive because doing so further
reduces expensive on-peak electricity use and downsizes
needed generating capacity.

C. Infrastructure Interdependency

Infrastructure interdependency has become a growing con-
cern. That the PQR of our current power delivery is seemingly
so critical occurs because so many other vital infrastructures,
such as communications, transportation, water treatment, etc.,
depend upon it. To the extent that vital services could be
powered independently of the grid, the consequences of
blackouts could be reduced [6]. Communications and compu-
tational loads are particularly amenable to DC supply, and
these are likewise particularly essential during grid failures, so
local DC systems for these loads are appealing for multiple
reasons. Note that the pre 1970’s telephone system was an
almost universal DC grid that reached virtually every home
and business in North America. It was, in fact, a duplicate
continent-wide power system.

D. Cost of Reliability

Reliability is costly even though customers do not usually
see it as a line in their electricity bills. Maintaining high levels
of reliability incurs two types of costs, both significant. First,
equipment investments to improve PQR, such as underground
versus overhead lines, impose direct costs on utility opera-
tions. Second, the paramount concern with maintaining high
PQR leads to conservative operations, for example, potentially
economic exchanges of energy are foregone. It may be that
sustaining high PQR across the board no longer makes eco-



nomic sense. If we are now able to provide PQR locally more
closely matched to the requirements of loads, the standards of
the centralized grid can be rethought. Our traditional electricity
supply paradigm is one in which a standard level of PQR is
delivered to all customers, at all times, in all places. One of the
more radical ideas holds that as sensitive loads can be supplied
by more localized means, then the standards of the traditional
centralized grid could be adjusted to better suit the objectives
of our circumstances, that is standards could be more in
keeping with current objectives, notably high renewable
penetration, competitive markets, etc. The desirable level of
reliability may indeed be lower than we enjoy today. Also, the
level of PQR could be chosen based on objective criteria, such
as the cost-benefit trade-off, rather than on traditional engi-
neering standards alone.

IV. GROWTH OF DC LOADS AND GENERATION

It is quite obvious that native DC loads are growing. Elec-
tronics are everywhere, compact fluorescent and LED lamps
are ubiquitous, and in addition, many emerging technologies,
such as variable frequency drives (VFDs) that use DC are
becoming commonplace. This trend is so clear not only be-
cause of the attractive capabilities, efficiency, and reliability of
these devices, but also because public policies motivated by
energy efficiency and related goals are reinforcing the trend.
Likewise also stimulated by subsidies, the deployment of PV, a
DC source especially amenable to building scale systems close
to loads, continues to grow exponentially. New U.S. PV
capacity grew over tenfold from 70 MW in 2005 to 880 MW
in 2010, and more than doubled again to almost 2 GW in
2011. Nonetheless, in that year the U.S. was only the world’s
third largest market and was only about a third as big as world
leading Germany [7]. In addition to PV, other emerging
building scale generation involves DC directly, e.g. fuel cells,
or in the electricity pathway, e.g. variable frequency micro-
turbines.
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Fig. 2. Forecast energy consumption by buildings and light
duty vehicles

Particularly interesting though, is the potential role of PEVS,
which may prove to be a disruptive technology. While the
effects of PEVs on the wider macrogrid are quite well studied,
their interactions with building power systems where they will
be interconnected has been much less rigorously investigated
[8]. Not only will PEVs add to building loads, their availability
for electricity storage offers a source of arbitrage on electricity
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tariffs and the fast response of batteries could be an attractive
source of ancillary services either to buffer local variable
generation, or to serve the macrogrid. It is instructive then to
think of buildings and PEVs as a combined electrical system,
whose evolution appears in Fig. 2.

The graphic shows pairs of stacked bars for various years.
The left bar shows the supply side, and the right bar the
demand side. Both are stacked in the same order as the legend.
Looking first at the historic 2010 supply stack, the combined
site energy consumption of buildings and light duty vehicles
(LDVs) is supplied by several primary fuels. Macrogrid power
used in buildings comes mostly (69%) from fossil fuels, with
nuclear (21%) and a much smaller amount (10%) of renewa-
bles. Considerable fossil fuel (27% of building site energy) is
burned on-site, primarily for heating. LDVs are currently
powered almost exclusively by liquid fossil fuels, consuming
47% of the combined total. The demand stack has some
resistive loads, incandescent lighting, electric water heating,
etc., and significant AC only loads, primarily induction mo-
tors; however, electronic devices alone comprise 11% of
building electricity use, and additionally, a significant fraction
of other equipment uses DC at some point in the electricity
pathway, as described above.

The 2030 bar pair shows the Energy Information Admin-
istration’s Annual Energy Outlook 2011 (AEO-2011) forecast,
by which time electronics alone are expected to surpass 20%
of building electricity consumption. The 2050 bars are a best
guess scenario based on non-rigorous extrapolation of trends
seen in the AEO-2011 2030 forecast. On the supply-side,
while fossil-fired generation continues to be significant, grid
renewable generation almost triples, and nuclear also grows.
The contribution of site renewable is still small (5%). Liquid
biofuels are now providing fully half of LDV combustion
fuels, but electric vehicles are also becoming significant. The
small relative size of the LDV electronics bar, which repre-
sents PEVs is deceptive because electric vehicles are much
more efficient than internal combustion ones in terms of site
energy, i.e. km/kWh electric.

Finally, the ideal bars far right show the speculation of the
authors on where the fuel consumption pattern of these two
sectors should be heading. Not surprisingly, fossil fuels are
driven out of the supply picture entirely, to be replaced by
nuclear and renewables generation by the macrogrid, and by
distributed renewables and liquid biofuels locally. On the
demand side, the building and LDV electronics categories
together dominate. Technological advances and the drive
towards higher efficiency pushes more and more of electricity
consumption into devices using DC at some point. In this
scenario, local use of DC has risen to 60 of all energy, and
local generation has risen to over a quarter of supply. This
match-up together with the storage opportunity provided by
the PEV batteries are the heart of the case for DC microgrids.

Increasingly, as the power system moves towards DC at
both the generation bus and the ultimate load bus, and the two
are sufficiently closely co-located, the case for AC diminishes.
And in fact, the losses incurred by rectification and inversion
of power together with problems related to managing the
related heat output become insupportable. Removal of heat



from data centers can comprise a third of its total energy
consumption.

V. A DC pGRID DEMONSTRATION

Various demonstrations of DC pgrids under way in Japan
include a demonstration that involves both multiple PQR and
DC in Sendai. One notable pure DC pgrid example is at the
Aichi Institute of Technology (AIT), in Toyota City, close to
Nagoya [9]. And, a second center for DC research is at Osaka
University. AIT has some generation resources installed, and
some modest loads connected to a DC bus. Fig. 3 shows one of
the resources, a 10 kW vertical axis wind turbine, and Fig. 4
shows one of two 10 kW PV arrays that is also connected.

Fig. 3. Vertical axis wind turbine in the AIT DC pgrid

Fig. 4. PV array in the AI DC pgrid

Fig. 6. The DC equipment testing laboratory
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V1. CONCLUSION

The historic advantage of AC systems is being eroded by
the changing character of both the supply and demand sides of
electricity provision. Since much of both the supply and the
load is likely to involve DC in the future, locally controlled
DC pgrids able to function semi-autonomously are a promising
emerging technology that can offer both PQR and efficiency
benefits.

Our familiar legacy grid is a vast interconnected system.
Changes such as adoption of DC, will have affects well beyond
any individual building.
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